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Abstract – Activation of various structural and shielding
materials is an important issue for many applications. A
model developed recently to calculate residual activity of arbi-
trary composite materials for arbitrary irradiation and cool-
ing times is presented in the paper. Measurements have been
performed at the Fermi National Accelerator Laboratory us-
ing a 120 GeV proton beam to study induced radioactivation
of materials used for beam line components and shielding.
The calculated residual dose rates for the samples studied be-
hind the target and outside of the thick shielding are presented
and compared with the measured ones. Effects of energy spec-
tra, sample material and dimensions, their distance from the
shielding, and gaps between the shielding modules and walls
as well as between the modules themselves were studied in de-
tail.

I. INTRODUCTION

An important issue regarding the radiation environment in
the NuMI-MINOS neutrino experiment, currently under con-
struction at Fermi National Accelerator Laboratory (FNAL),1

is induced radioactivation of the beam line components and
shielding materials. This arises from irradiation by hadrons
that are generated in the target bombarded by an 120 GeV pro-
ton beam. The MARS Monte Carlo code2 is used to predict
and analyse prompt and residual radiation in such an environ-
ment. The prediction for the latter is based on a new algorithm
described in this paper. To understand the properties of the
residual radiation and benchmark the newly developed code
modules, measurements were performed both in the vault area
and at a location outside the steel shielding at the antiproton
(AP0) target area, which is thought to be a close representa-
tion of the NuMI target area. All the details of the AP0 enclo-
sure (in-vault and outside the shielding) and the appropriate
beam line components were built into the MARS calculation
model and detailed simulations were performed. Calculated
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residual dose rates and neutron spectra are compared with the
data showing general good agreement.

II. EXPERIMENTAL SETUP

A MARS model of the experimental setup is shown in
Fig. 1. Residual activation exposure rates were measured for
five small cylindrical and rectangular samples of iron, steel,
aluminum, and concrete, which were obtained from materials
that will be used in the NuMI construction. Composition of
the samples is described in Table I. The samples were placed
both within the vault area (just downstream of the antiproton
production target) and at a location outside of the steel shield-
ing at AP0. Further, thin activation foils of Al, In, and Au
as well as Au covered with Cd were mounted on a disk and
placed at both locations. The neutron spectrum at the in-vault
location was unfolded from measured foil activities by use of
response functions determined from known cross section data
with the unfolding codes BUNKI and LOUHI.3 The samples
within the vault were irradiated for a total of 38 hours by the
radiation arising from the bombardment of the target by about
1.3×1017 120 GeV protons from the Main Injector, and then
removed to a low background area for counting; those out-
side of the shielded vault area were irradiated on and off for
about four months with a total of approximately 3.6× 1018

protons incident on the in-vault target. Background corrected
exposure rates of the samples were determined by use of both
Geiger-Müller (GM) and NaI scintillator based survey instru-
ments.

III. CALCULATION MODEL

III.A. Model for residual dose rate estimation

While most of the values predicted with modern Monte
Carlo codes for high energy accelerator environments can be
obtained with a rather high accuracy, residual dose rates re-
main less reliable. Uncertainty up to a factor of three can be
considered as typical. This is because of the complicated na-
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Fig. 1. Elevation view of the experimental area as modeled in MARS.

TABLE I. Composition of the samples investigated (weight %)

Sample Nuclide (or natural mixture)
1H 12C 16O 23Na Mg 27Al Si S K Ca 55Mn Fe Ni Cu

1 (Aluminum) 100
2 (Iron) 0.1 0.1 0.4 98.2 1.0 0.2
3 (1018 Steel) 0.2 0.9 98.9
4 (Concretea) 0.8 7.3 51.76 0.07 6.5 0.5 10.1 0.2 0.07 21.1 1.6
5 (A500 Steel) 0.3 99.5 0.2
aPrecise composition of the concrete sample is not presently known. This Table shows the reference composition used.

ture of this phenomenon and its high sensitivity to the com-
position of irradiated materials. In principle, a multi-step
approach based on a hadron transport code (e.g., MARS or
FLUKA4) coupled to a nuclide transmutation inventory code
(CINDER5 or DeTra6), would provide the most reliable solu-
tion of activation problems – provided the hadron code is able
to deliver adequate residual nuclide yields from high-energy
interactions. In practice, however, one often uses an approach

based on so-called ω-factors that convert the star density (a
density of inelastic nuclear interactions above 50 MeV) to a
contact residual dose rate, independent (often) of the mate-
rial for the fixed set of irradiation (Ti) and cooling (Tc) times
(typically Ti=30 days, Tc=1 day). As can be seen,7 this model
is a rather crude approach to real situations. In particular, it
has been shown 8 that when defining ω-factors a 20 MeV star
threshold should be used instead of the historical 50 MeV.
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New modules have been developed for the current version
of the MARS14 code2 to substantially improve the reliability
of the ω-factor based predictions of residual dose rates in arbi-
trary composite materials for arbitrary irradiation and cooling
times. The algorithm distinguishes three major energy groups
responsible for radionuclide production: (1) above 20 MeV,
(2) 1 to 20 MeV, and (3) below 0.5 eV. The energy groups
were chosen to consider separately the most important nu-
clear reactions responsible for induced radioactivation in the
regions: high energy inelastic interactions (mostly spallation
reactions), threshold reactions (n,2n), (n, p) etc, and (n,γ) re-
actions, respectively. Neutrons in the energy region from 0.5
eV to 1 MeV do not produce a significant number of radionu-
clides. Detailed FLUKA calculations4 were performed for
cascades induced by energetic hadrons in cylindrical samples
of 17 elements: C, O, Na, Mg, Al, Si, K, Ca, Cr, Fe, Ni, Cu,
Nb, Ag, Ba, W, Pb. Creation of the residual nuclides close to
the cascade core was simulated. The decay chains of the cre-
ated radionuclides were followed with the DeTra code in or-
der to determine the emission rates of de-excitation photons
for 12 hours< Ti <20 years and 1 sec< Tc <20 years. Corre-
sponding dose rates on the outer surfaces were calculated from
photon fluxes and related to the star density above 20 MeV
(first group), and neutron fluxes in two other energy groups.
Results were collected in the database. This method essen-
tially applies the optimum method of activation prediction de-
scribed above to derive a set of material and time dependent ω-
factors which are easy to use in a routine cascade simulation
and should provide far better accuracy than the old approach.

A sophisticated interpolation algorithm, linked to this
database, was created and implemented into the MARS14
code. As an example, numerical values of the ω-factors at typ-
ical conditions (30 days irradiation and 1 day cooling) are pre-
sented in Fig. 2.

According to the model described, the contact residual dose
rates are calculated in MARS on the surface of irradiated sam-
ples with linear dimensions of at least 0.5 λin, where λin is the
nuclear interaction length. Such an approach has the advan-
tage of using geometry- and dimension-independent contact
residual dose rates. However, when considering small sam-
ples, one must take into account geometry factors to perform
conversion of calculated contact dose rates from the large de-
fault samples to realistic ones. The factors for the samples
under investigation (see Table I) were determined by means
of the MCNP9 code according to the following two-step pro-
cedure. First, the dose rate was calculated on the surface of
a large sample of a given material at a given specific activ-
ity. Second, the dose rate was calculated on the surface of a
given realistic small sample of the same material and at the
same specific activity. The geometry conversion factor for the
given small sample was defined as the ratio of the contact dose
rate calculated at the first step to that calculated at the second
step. Afterwards all the contact dose rates calculated with the
MARS code for the large sample are divided by the factor ob-
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Fig. 2. Example of ω-factor dependence on mass of a target
nucleus for three energy groups and Ti=30 days and Tc=1 day.
Normalization is per star/cm3/s for E > 20 MeV, and per
neutron/cm2/s for the other groups. The symbols represent
the FLUKA results of this study and the curve is an interpola-
tion of the new results and those of a previous study7 for the
high energy group.

tained thus giving rise to results for the small sample of the
same material. Isotropic and monoenergetic 1 MeV gammas
with uniform spatial distribution were used in these calcula-
tions to simulate a residual activity source (see section III.C.).
The dimensions and calculated geometry conversion factors
for the samples under investigation are presented in Table II.

TABLE II. Calculated geometry conversion factors for the
samples under investigation.

Sample Dimensions Geometry
factor

1 (Aluminum) R=1.27 cm, H=7.65 cm 6.3
2 (Iron) R=1.35 cm, H=3.85 cm 2.7
3 (1018 Steel) R=1.27 cm, H=7.65 cm 2.4
4a (Concrete) R=1.27 cm, H=1.60 cm 11
4b (Concrete) R=1.27 cm, H=0.30 cm 21
5 (A500 Steel) 5cm X 2.5cm X 1.15cm 2.8
aSample behind the target.
bSample above the shielding.

III.B. Coupling MARS with MCNP

In the current MARS version2 the MCNP code9 is in-
voked whenever a low-energy (under 14.5 MeV) neutron col-
lision with matter is simulated. When considering a prob-
lem with dominating low-energy neutron radiation, a stan-
dalone MCNP modeling of neutron transport in matter can
have some advantages. A new option for MARS-to-MCNP
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coupling was developed recently.a Namely, when modeling
neutron transport with the MARS code, instead of low-energy
neutron tracking, one can generate a file containing all the nec-
essary phase-space coordinates for all the neutrons slowed-
down to energies under 14.5 MeV. The file can be used as a
neutron source for subsequent standalone MCNP modeling.
This mode is used in the current study to calculate neutron
fluxes over the samples above the shielding, with appropriate
variance reduction techniques built in MCNP. Residual dose
rates for the samples were determined using the fluxes and
database of the ω-factors built in MARS (see Fig. 2 and sec-
tion IV.B.).

It will be shown in the followingsections that in the in-vault
region at the location of the thin foils the calculated neutron
spectrum has a low-energy part (under 20 MeV) that contains
approximately 90% of all neutrons. As for above the vault
shielding, the calculated low-energy part amounts to about
99.9%. This is a justification of the importance of contribu-
tion from the second and third energy groups (1 to 20 MeV
and below 0.5 eV, respectively) for correct prediction of resid-
ual activity and, therefore, the option for low-energy neutron
transport used in the calculations described.

III.C. Dose rate attenuation factors

Measurement of the residual dose rate for a sample can be
performed both on contact and at a distance. To have a sim-
ple and easy-to-use relationship when comparing measured or
calculated contact dose rate with that at a distance (typically at
30.5 cm), calculations with the MCNP code9 have been per-
formed. Two types of samples were taken into consideration;
namely, cylinders and parallelepipeds of the same radii (1.27
cm) and thicknesses (2.54 cm), respectively, but with other di-
mensions being different. Several material compositions were
used in the study. Residual activity of the samples was simu-
lated by means of gammas born with isotropic angular distri-
bution and spatially uniform over a sample volume. Monoen-
ergetic 1-MeV gammas were considered; this adequately rep-
resents the average energy of gammas emitted from different
irradiated concrete or steel samples.

Both contact (D1) and remote (D2) dose rates were deter-
mined as average values over surface segments with linear di-
mension equal to one inch. One of the segments was located
on a surface of a sample under consideration, the second one at
different distances d from the sample. The ANSI/ANS-6.1.1-
1977 table9 was used to convert the calculated photon fluxes
over the segments to dose rates. The dose rate attenuation fac-
tor for a given distance from a sample surface D(d) was de-
termined as the ratio of the calculated dose rates for the two
segments at that distance, D(d) = D1/D2(d). The calculated
factors were fitted as D(d) = dα using χ2 criterion, where α is
the fitted parameter. Typical behaviour of the attenuation fac-

aSuch an option is used for coupling high- and low-energy parts in other
codes as well.10

tors is presented in Fig. 3.
To estimate influence of the energy spectrum used for gam-

mas, similar calculations have been performed for a steel
cylindrical sample 1.27 cm in radius and 2.54 cm in height
(see Fig. 3) with energy spectrum of gammas emitted from an
iron infinite cylinder 15 cm in radius, irradiated with 100 GeV
protons for 30 days and cooled for 30 days. Average energy
in such a spectrum equals to 796 keV. Fitted α parameter in
this case equals to 1.941 which is very close to the parame-
ter obtained for monoenergetic 1 MeV gammas, namely 1.936
(see Fig. 3). The difference in α values gives rise to the max-
imum difference in calculated attenuation factors (over dis-
tances considered) of about 2%. It justifies using the monoen-
ergetic 1 MeV energy spectrum for all the samples considered.

0 10 20 30 40
d (cm)

10
1

10
2

10
3

D
Stainless steel: H = 2.54 cm, α = 1.936
Stainless steel: H = 7.62 cm, α = 1.683
Concrete: H = 2.54 cm, α = 1.935
Concrete: H = 7.62 cm, α = 1.696
Fitting curves d

α

 α = 1.936

α = 1.683

Cylindrical samples
with R = 1.27 cm

0 10 20 30 40
d (cm)

10
1

10
2

10
3

D

Stainless steel: L = 2.54 cm, α = 1.895
Stainless steel: L = 5.08 cm, α = 1.603
Concrete: L = 2.54 cm, α = 1.894
Concrete: L = 5.08 cm, α = 1.620
Fitting curves d

α

Rectangular samples
with thickness equal to 2.54 cm α = 1.895

α = 1.603

Fig. 3. Calculated surface dose rate attenuation factors, D, for
cylindrical (top) and rectangular (bottom) samples vs distance
from surface of sample, d.

IV. RESULTS AND DISCUSSION

IV.A. Residual dose rates

Comparison between measured and calculated residual
dose rates for the samples near beam and above the steel
shielding is presented in Figs. 4 through 6. In these Figures,
the label FREDRON represents experimental data obtained by
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Fig. 4. Measured (FREDRON) and calculated (MARS) residual dose rate at d = 30.5cm for the samples irradiated for 38 hours
near beam vs cooling time.

means of the GM counter. In general, excellent agreement is
observed for the near-beam irradiations (Figs. 4 and 6). The
residual dose rates were calculated taking into account real-
istic non-continuous in time irradiation (three sessions, 16.2,
10.5, and 11 hours long, separated by different beam-off pe-
riods) as well as measured integrated proton intensities on the
target. For above shielding irradiations (see Figs. 5 and 6), ap-
proximately 16 hours of beam-on was followed by 26 hours of
beam-off on the average during the irradiation period of four
months. That non-continuous irradiation was taken into ac-
count in our calculations as well. One can see that the agree-
ment is good for aluminum and concrete samples and accept-
able (i.e. within factors 2-3) for iron ones. The agreement be-
tween calculations and experiment is better for the near-beam
location, in particular, because the ω-factors used were ob-

tained from activation data in a cascade core. Another circum-
stance which influences quality of the results for the samples
above the shielding is the necessity to consider the deep pen-
etration problem which is not a trivial one itself.

Additional investigation has been performed for concrete
samples (Fig. 6). According to our model, the calculated
residual dose rate for the samples is very sensitive to the com-
position of the concrete. As an example, calculated resid-
ual dose rates above the steel shielding for different concrete
sample compositions are shown in Table III. As observed,
small differences in composition can lead to significant dif-
ferences in calculated dose rates (up to a factor of 30). We
attribute this effect mainly to minor admixtures in the region
of Na (see Figs. 2 and 7). Most likely, this effect is due to
the 23Na(n,γ)24Na reaction. Since we do not know exactly the
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Fig. 5. Measured (FREDRON) and calculated (MARS) residual dose rate on contact for the samples irradiated for four months
over the shielding vs cooling time.

composition of the concrete samples (with regard to minor ad-
mixtures) used in these studies, the discrepancy between cal-
culations and measurements may not be unexpected.

IV.B. Neutron spectra

In the problem under investigation detailed neutron spec-
tra at specific locations are of interest to get more insight into
the problem and single out radiation which contributes sig-
nificantly to calculated residual activity. Calculated neutron
spectra near beam and above the shielding as well as the un-
folded spectrum near beam based on measured foil activities
are presented in Fig. 7. Location of the foils is shown in
Fig. 1. Agreement between the calculated spectrum and un-
folded (or, in other words, “measured”) ones is quite good.
One can see that even for the near-beam location the low-
energy part of the neutron spectrum dominates, so that the

contribution to observed residual activity from the low-energy
particles should be taken into account. As for the spectrum
above the vault shielding, the number of neutrons with ener-
gies above 20 MeV is well below one percent. However, their
contribution to the residual dose rate is not negligible when
compared to the other two neutron groups considered. In ad-
dition, one can see that in this location neutrons backscattered
from the concrete walls and ceiling dominate (see Fig. 7). For
the location above the shielding, therefore, one could not pre-
dict residual dose rates accurately without taking into account
neutron backscattering from the concrete surroundings. In Ta-
ble IV calculated partial residual dose rates for the samples are
presented at fixed neutron flux and star density. The data can
be useful to compare contributions to total residual dose rate
from neutrons of different energy groups. Using the data from
the Table along with calculated neutron flux and star density
for the studied samples above the shielding, we find that for
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Fig. 6. Measured (FREDRON) and calculated (MARS) residual dose rate for the concrete samples irradiated for 38 hours near
beam (left) and four months over the shielding (right) vs cooling time. The dose rates were measured at d = 30.5cm and on
contact, respectively. For the concrete samples the composition given as 3 in Table III was used in the calculations.

TABLE III. Calculated residual dose rates (10−4 mSv/h) for different compositions (weight %) of the concrete sample above the
shielding. The data were obtained for 30 days irradiation at 1012 protons per second and 1 day cooling.

Concrete Nuclide (or natural mixture) Dose
composition 1H 12C 16O 23Na Mg 27Al Si S K Ca Fe rate

1 0.6 49.8 1.7 0.3 4.6 31.5 1.9 8.3 1.3 7.0
2 0.6 3.0 50.0 1.0 3.0 20.0 1.0 20.0 1.4 4.2
3 0.8 7.3 51.76 0.07 6.5 0.5 10.1 0.2 0.07 21.1 1.6 0.5
4 0.5 6.4 49.6 1.0 1.5 14.3 0.2 26.1 0.4 0.2

none of these samples is the partial residual dose rate induced
by high energy neutrons (En > 20 MeV) dominating. For ex-
ample, the contributionof this high energy group to total resid-
ual dose rate at 30 days irradiation and 1 day cooling for the
aluminum, iron, and concrete samples equals to 12, 37, and
5%, respectively.

The neutron spectrum within the vault was unfolded from
the measured radioactivity of Au and In foils. The response
functions used in the unfolding codes BUNKI and LOUHI3

were determined at eight rather broad energy bins in order to
cover the neutron energy range up to 70 MeV. Therefore, at
energies below 0.1 MeV, the unfolded spectrum represents a
broad average, and this gives little quantitative information in
comparison with the more detailed spectrum calculated with
the MARS code. At energies above 0.1 MeV, however, ac-
ceptable agreement between calculations and measurements is
observed, as seen in Fig. 7.

IV.C. Neutron streaming through air gaps

All the calculated results presented above were obtained
with the presence of air gaps between the shielding modules
and walls as well as between the modules themselves. In our
model the gaps between the modules and walls on both sides
were equal to 2.54 cm, while the four gaps between the mod-
ules themselves (see Fig. 1) were equal to 3.81, 1.42, 2.54, and
1.42 cm, respectively. To determine contribution to the activa-
tion above the shielding due to neutron streaming through the
air gaps, calculations have been performed with all the gaps
filled with the material of the shielding modules. Results of
the calculations are presented in Fig. 8 and Table V. It should
be noted that in this case neutron flux above 20 MeV was de-
termined with high statistical uncertainty (about 50%).

V. CONCLUDING REMARKS

The model was developed for calculation of residual dose
rates in arbitrary composite materials for arbitrary irradiation
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TABLE IV. Calculated partial residual dose rates (mSv/h) for
the samples described in Table I and irradiated with neutrons
of the three energy groups. The data were obtained for one
day cooling after 30 days irradiation at 1 star/cm3·s in the first
group and 1 n/cm2·s in each of the other two groups.

Sample Neutron energy (MeV)
Above 20 1-20 Below 5×10−7

1 (Aluminum) 2.8×10−6 1.2×10−7 10−17

2 (Iron) 3.1×10−6 2.5×10−9 6.1×10−9

3 (1018 Steel) 3.1×10−6 1.8×10−9 5.3×10−9

4 (Concrete) 8.2×10−7 1.9×10−8 4.8×10−9

5 (A500 Steel) 3.1×10−6 1.8×10−9 6.2×10−9

and cooling times. Measurements have been performed at
FNAL on induced radioactivation of materials used for beam
line components and shielding. Good agreement is observed
between measured and calculated contact dose rates for differ-
ent samples irradiated at different conditions, the agreement
being better for the near-beam location because the ω-factors
used were obtained from activation data in the cascade core.
Calculated residual dose rate for the concrete sample above
the shielding is very sensitive to the content of minor ad-
mixtures in concrete. When considering the activation above
the shielding modules, contribution from neutron streaming
through air gaps between the modules and walls as well as be-
tween the modules themselves is not negligible.
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TABLE V. Dose rate gap factors, R, for the samples (see Ta-
ble I) above the shielding defined as the ratio of the residual
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